Abstract: 316L stainless steel samples are fabricated by metal injection molding using water-atomized and gas-atomized powder with different oxygen contents. The influences of oxygen on the microstructural evolution and fatigue properties of the samples are investigated. The oxygen tends to react with Mn and Si to form oxide particles during sintering. The oxides hamper the densification process and result in decreased sintered density. Moreover, their existence reduces the Mn and Si dissolving into the base metal and compromises the solution strengthening effect. The oxides lead to stress concentration in the tensile and fatigue tests and become the initiation sites of fatigue cracks. After sintering, the samples made from the gas-atomized powder have a much lower oxygen content compared to those made from the water-atomized powder, therefore, exhibiting much better mechanical properties. The tensile strength, yield strength and the elongation of the samples made from the gas-atomized powder are 560 MPa, 205 MPa, and 58%, respectively. Their fatigue lives are about one order of magnitude longer than the samples made from water-atomized powder, and also longer than those fabricated by powder metallurgy and selective laser sintering which were reported in other studies.
Introduction
316L stainless steel (SS), with the excellent corrosion resistance and mechanical properties, as well as the good weldability, is one of the best structural materials [1, 2] . This material is commonly used in the chemical industries and marine industries [3] [4] [5] . In order to decrease the cost for post-processing, 316L SS has been produced by many advanced net shape fabrication technologies, including selective laser melting (SLM) [6] , and metal injection molding (MIM) [7] [8] [9] .
Metal injection molding of 316L SS is an attractive net shape fabrication method due to its capability of mass production of parts with complex shapes [7] [8] [9] , which has been extensively investigated by many researchers. The effect of debinding temperatures on the microstructure and mechanical properties of 316L SS was investigated by Amin et al. [10] . The results illustrated that uniform microstructure and excellent mechanical properties had been obtained when the debinding temperature was maintained at 673 K. Manonukul et al. [11] and Setasuwon et al. [12] effect of binders on the microstructure and the mechanical properties of injection molded 316L SS samples. Raza et al. [13] studied the effect of cooling rate on corrosion resistance and tensile properties of injection molded 316L SS. The results revealed that the samples with best properties were obtained at the sintered temperature of 1325 • C and with the cooling rate of 10 • C/min. In general, the gas-atomized (GA) powders are commonly used in the MIM process because of their high sintered density compared to the WA powder [14, 15] . In comparison, the WA powders are more cost-effective and can improve the shape retention during the sintering process [16] . However, the lower sample density and inferior mechanical performances of sintered samples of the WA powders were produced [16, 17] compared with the sintered samples of GA powders (designated as WA and GA samples in the following text). Apart from this, the microstructural evolution of MIMed samples produced by gas-atomized (GA) and water-atomized (WA) has been analyzed by Suri et al. [17] and this study reveals that the presence of SiO 2 can affect the densification behavior adversely of 316L SS.
In this study, two different kinds of powders are used in the previous researches of MIM of 316L SS [17] , which are fabricated through water atomization and gas atomization, respectively. The WA powder has a much higher oxygen content than the GA powder due to oxidation of molten 316L SS alloy by the water used in the atomization process. It is well known that the sintering behaviors of many metals, including Al [18] [19] [20] , Cu [21, 22] , and stainless steels [23] are significantly hindered by the existence of oxygen. Therefore, it is expected that the difference in oxygen content will result in different mechanical properties of MIMed 316L SS samples fabricated using different powders. Although previous studies revealed that the presence of oxides restrained the densification of samples produced by WA power [17] . Few studies have compared the sintering processes and mechanical properties, especially for the fatigue behavior of 316L SS MIMed samples using WA and GA powders. In this research, we investigate the influences of oxygen contents on the sintering behaviors and fatigue properties of the MIMed 316L SS samples fabricated using WA and GA powders and fathom the mechanisms behind the differences.
Materials and Methods
Two different 316L SS powders, fabricated via WA and GA, were used in the study. Figure 1 shows the morphologies of the WA and GA powders observed by a scanning electron microscope (SEM, EVO-10, ZEISS, Oberkochen, Germany). Both powders have a spherical shape and mean sizẽ 10 µm. Table 1 lists the chemical compositions of the powders, in which the compositions of oxygen and carbon are determined using an oxygen and nitrogen analyzer (ON736, LECO, Saint Joseph, MI. USA) and a carbon and sulfur analyzer (CS744, LECO, Saint Joseph, MI, USA) respectively. The composition analysis indicates that neither powders contain carbon, and the oxygen content of the WA powder is much higher than the GA powder. In order to investigate the sintering behaviors of the GA and WA powders, green compacts (Ø10 mm × 10 mm) were prepared by cold pressing. Based on the results from previous researches [10] [11] [12] [13] , their sintering behaviors were investigated by a dilatometer (DIL, 402C, NETZSCH, Freistaat Bayern, Germany), where the samples were heated to 1390 • C at the rate of 10 • C/min and soaked at the temperature for 3 h before cooling down to room temperature at the cooling rate of 10 • C/min. Tensile bars with geometric configurations illustrated in Figure 2 were fabricated via MIM separately from the WA and GA 316L SS powders. In feedstock preparation, 316L SS powder was firstly mixed with polyformaldehyde (POM)-based binders at 190 °C using a kneading machine (Greenlong, China). Both feedstocks have the same powder loading fixed at 63 vol% and their binder system are composed of 86 wt% polyformaldehyde (POM), 8 wt% high-density polyethylene (HDPE), 4 wt% Ethylene-vinyl Acetate Copolymer (EVA) and 2 wt% Stearic Acid (SA). Green samples were molded using an injection molding machine (Nex50IIIT, NISSEI, Aichi-ken, Japan) at 190 °C. After that, the green sample was debound in a catalytic debinding furnace (Sinterzone, Changsha, China) to remove the POM. The rest of the binders were thermally removed in a vacuum furnace (Hiper Vacuum, Xingteshuo, Shenzhen, China) and the debound samples were sintered in the same furnace at 1390 °C for 3 h under a flowing argon atmosphere. After sintering, the sintered samples were cooled down to room temperature at the cooling rate of 10 °C/min. The detailed parameters have been listed in Table 2 . The density of samples was measured by a balance (Sartorius SQP, Germany) based on the Archimedes drainage principle. Metallographic samples were polished and etched with a solution of HNO3 + HCl + H2O (1:1:1 in volume ratio). Their microstructures were observed by an optical microscope (OM, Axio Vert A1, ZEISS, Oberkochen, Germany) and a scanning electron microscope (SEM, EVO-10, ZEISS, Oberkochen, Germany). The element distribution was analyzed with energy Tensile bars with geometric configurations illustrated in Figure 2 were fabricated via MIM separately from the WA and GA 316L SS powders. In feedstock preparation, 316L SS powder was firstly mixed with polyformaldehyde (POM)-based binders at 190 • C using a kneading machine (Greenlong, China). Both feedstocks have the same powder loading fixed at 63 vol% and their binder system are composed of 86 wt% polyformaldehyde (POM), 8 wt% high-density polyethylene (HDPE), 4 wt% Ethylene-vinyl Acetate Copolymer (EVA) and 2 wt% Stearic Acid (SA). Green samples were molded using an injection molding machine (Nex50IIIT, NISSEI, Aichi-ken, Japan) at 190 • C. After that, the green sample was debound in a catalytic debinding furnace (Sinterzone, Changsha, China) to remove the POM. The rest of the binders were thermally removed in a vacuum furnace (Hiper Vacuum, Xingteshuo, Shenzhen, China) and the debound samples were sintered in the same furnace at 1390 • C for 3 h under a flowing argon atmosphere. After sintering, the sintered samples were cooled down to room temperature at the cooling rate of 10 • C/min. The detailed parameters have been listed in Table 2 . Tensile bars with geometric configurations illustrated in Figure 2 were fabricated via MIM separately from the WA and GA 316L SS powders. In feedstock preparation, 316L SS powder was firstly mixed with polyformaldehyde (POM)-based binders at 190 °C using a kneading machine (Greenlong, China). Both feedstocks have the same powder loading fixed at 63 vol% and their binder system are composed of 86 wt% polyformaldehyde (POM), 8 wt% high-density polyethylene (HDPE), 4 wt% Ethylene-vinyl Acetate Copolymer (EVA) and 2 wt% Stearic Acid (SA). Green samples were molded using an injection molding machine (Nex50IIIT, NISSEI, Aichi-ken, Japan) at 190 °C. After that, the green sample was debound in a catalytic debinding furnace (Sinterzone, Changsha, China) to remove the POM. The rest of the binders were thermally removed in a vacuum furnace (Hiper Vacuum, Xingteshuo, Shenzhen, China) and the debound samples were sintered in the same furnace at 1390 °C for 3 h under a flowing argon atmosphere. After sintering, the sintered samples were cooled down to room temperature at the cooling rate of 10 °C/min. The detailed parameters have been listed in Table 2 . The density of samples was measured by a balance (Sartorius SQP, Germany) based on the Archimedes drainage principle. Metallographic samples were polished and etched with a solution of HNO3 + HCl + H2O (1:1:1 in volume ratio). Their microstructures were observed by an optical microscope (OM, Axio Vert A1, ZEISS, Oberkochen, Germany) and a scanning electron microscope (SEM, EVO-10, ZEISS, Oberkochen, Germany). The element distribution was analyzed with energy The density of samples was measured by a balance (Sartorius SQP, Germany) based on the Archimedes drainage principle. Metallographic samples were polished and etched with a solution of HNO 3 + HCl + H 2 O (1:1:1 in volume ratio). Their microstructures were observed by an optical microscope (OM, Axio Vert A1, ZEISS, Oberkochen, Germany) and a scanning electron microscope (SEM, EVO-10, ZEISS, Oberkochen, Germany). The element distribution was analyzed with energy dispersive spectroscopy (EDS, Oxford Instruments, Oxford, UK) equipped in the SEM. X-ray diffraction (XRD, D8-ECO, BRUCKER, Billerica, MA, USA) tests were performed to identify the phase compositions of the sample. The tensile strength and elongation of the samples were measured at room temperature on a universal material testing machine (5569, INSTRON, Canton, MA, USA) with the displacement velocity of 1 mm/min. The tensile-tensile (T-T) fatigue tests were carried out on the sintered samples using a fatigue machine (MTS 809, MTS, Eden Prairie, MN, USA). In the fatigue tests, the stress ratio (R) was set to 0.1, the frequency was 20 Hz and the stress amplitudes varied in the range of 90-193.5 MPa. After the fatigue tests, the fracture surfaces were observed by SEM. Figure 3 shows the dilatometric curves of sintered samples of the WA and GA powders. Both samples show expansion when they are heated from room temperature to~800 • C. The slope of the dilatometric curves in this temperature range is~19 × 10 −6 · • C −1 , which is approximately equal to the coefficient of thermal expansion of the 316L SS [24] . Therefore, the expansion is caused by thermal expansion. However, when the samples are heated beyond this range, the expansion gradually slows down and finally changes to shrinkage due to sintering. The temperature of the expansion-shrinkage transition thus signifies the onset temperature of sintering and is defined as Ts. Ts for the GA and WA samples are about 900 • C and 1100 • C, respectively. The GA powder starts to sinter at a lower temperature than WA powder.
Results

Sintering Behaviors
dispersive spectroscopy (EDS, Oxford Instruments, Oxford, UK) equipped in the SEM. X-ray diffraction (XRD, D8-ECO, BRUCKER, Billerica, MA, USA) tests were performed to identify the phase compositions of the sample. The tensile strength and elongation of the samples were measured at room temperature on a universal material testing machine (5569, INSTRON, Canton, MA, USA) with the displacement velocity of 1 mm/min. The tensile-tensile (T-T) fatigue tests were carried out on the sintered samples using a fatigue machine (MTS 809, MTS, Eden Prairie, MN, USA). In the fatigue tests, the stress ratio (R) was set to 0.1, the frequency was 20 Hz and the stress amplitudes varied in the range of 90-193.5 MPa. After the fatigue tests, the fracture surfaces were observed by SEM. Figure 3 shows the dilatometric curves of sintered samples of the WA and GA powders. Both samples show expansion when they are heated from room temperature to ~800 °C. The slope of the dilatometric curves in this temperature range is ~19 × 10 −6 ·°C −1 , which is approximately equal to the coefficient of thermal expansion of the 316L SS [24] . Therefore, the expansion is caused by thermal expansion. However, when the samples are heated beyond this range, the expansion gradually slows down and finally changes to shrinkage due to sintering. The temperature of the expansion-shrinkage transition thus signifies the onset temperature of sintering and is defined as Ts. Ts for the GA and WA samples are about 900 °C and 1100 °C, respectively. The GA powder starts to sinter at a lower temperature than WA powder. 
Results
Sintering Behaviors
Microstructures and Phase Identification
Based on the sintering behaviors of the two powders obtained from the DIL curves, MIMed parts are fabricated by using GA and WA powders. The sintered samples were observed by an optical microscope. Microstructures of the WA and GA samples are shown in Figure 4a ,b, respectively. Equiaxed grains and twins, typical for austenitic steels, are seen in these two samples. Compared to the GA samples (Figure 4b ), there are more inclusions in the WA samples (Figure 4a ). In the meantime, the oxygen contents in the sintered GA and WA samples are ~600 ppm and ~2000 ppm (given in Table 3 ), both are significantly lower than those in the original 316L powders (i.e., 1600 ppm and 3000 ppm for the GA and WA powder, respectively). The residual oxygen tends to react with the alloying element to produce the oxides in the sintered samples. Since the WA samples contain more residual oxygen than the GA samples, it produces more oxide inclusions in the WA samples. 
Based on the sintering behaviors of the two powders obtained from the DIL curves, MIMed parts are fabricated by using GA and WA powders. The sintered samples were observed by an optical microscope. Microstructures of the WA and GA samples are shown in Figure 4a ,b, respectively. Equiaxed grains and twins, typical for austenitic steels, are seen in these two samples. Compared to the GA samples (Figure 4b) , there are more inclusions in the WA samples (Figure 4a ). In the meantime, the oxygen contents in the sintered GA and WA samples are~600 ppm and~2000 ppm (given in Table 3 ), both are significantly lower than those in the original 316L powders (i.e., 1600 ppm and 3000 ppm for the GA and WA powder, respectively). The residual oxygen tends to react with the alloying element to produce the oxides in the sintered samples. Since the WA samples contain more residual oxygen than the GA samples, it produces more oxide inclusions in the WA samples. X-ray diffraction was carried out to identify phases existing in the samples. The XRD profiles of the sintered WA and GA samples are shown in Figure 5 . Only the Bragg peaks of austenite can be found in either spectrum, the existence of the inclusions is not revealed by XRD. In order to study the compositions of the inclusions, the WA and GA samples were observed with SEM, and the compositions of the inclusions in them were analyzed by EDS. Figure 6 illustrated the microstructures of the WA and GA samples and EDS results of different inclusions. EDS results show that the inclusions are oxides containing Mn and Si and the compositions are closed to MnO and SiO2. This observation accords well with the previous researches conducted by Suri [17] . X-ray diffraction was carried out to identify phases existing in the samples. The XRD profiles of the sintered WA and GA samples are shown in Figure 5 . Only the Bragg peaks of austenite can be found in either spectrum, the existence of the inclusions is not revealed by XRD. In order to study the compositions of the inclusions, the WA and GA samples were observed with SEM, and the compositions of the inclusions in them were analyzed by EDS. Figure 6 illustrated the microstructures of the WA and GA samples and EDS results of different inclusions. EDS results show that the inclusions are oxides containing Mn and Si and the compositions are closed to MnO and SiO 2 . This observation accords well with the previous researches conducted by Suri [17] . X-ray diffraction was carried out to identify phases existing in the samples. The XRD profiles of the sintered WA and GA samples are shown in Figure 5 . Only the Bragg peaks of austenite can be found in either spectrum, the existence of the inclusions is not revealed by XRD. In order to study the compositions of the inclusions, the WA and GA samples were observed with SEM, and the compositions of the inclusions in them were analyzed by EDS. Figure 6 illustrated the microstructures of the WA and GA samples and EDS results of different inclusions. EDS results show that the inclusions are oxides containing Mn and Si and the compositions are closed to MnO and SiO2. This observation accords well with the previous researches conducted by Suri [17] . Metals Figure 7 shows the stress-strain curves of the WA and GA samples from the tensile tests. Their tensile properties, along with the densities and oxygen contents, are summarized in Table 3 . The GA samples have much better mechanical properties compared to the WA samples. Both average tensile strength (σb) and yield strength (σ0.2) of the GA samples (560 MPa and 205 MPa, respectively) are higher than the WA samples (460 MPa and 170 MPa, respectively). Moreover, the elongation of the GA samples can reach 58%, which is twice as high as the WA samples (29%). The fracture morphologies of the GA and WA samples are shown in Figure 8 . Both samples exhibit dimple structures which are typical of ductile fracture. However, careful observation reveals Figure 7 shows the stress-strain curves of the WA and GA samples from the tensile tests. Their tensile properties, along with the densities and oxygen contents, are summarized in Table 3 . The GA samples have much better mechanical properties compared to the WA samples. Both average tensile strength (σ b ) and yield strength (σ 0.2 ) of the GA samples (560 MPa and 205 MPa, respectively) are higher than the WA samples (460 MPa and 170 MPa, respectively). Moreover, the elongation of the GA samples can reach 58%, which is twice as high as the WA samples (29%). Figure 7 shows the stress-strain curves of the WA and GA samples from the tensile tests. Their tensile properties, along with the densities and oxygen contents, are summarized in Table 3 . The GA samples have much better mechanical properties compared to the WA samples. Both average tensile strength (σb) and yield strength (σ0.2) of the GA samples (560 MPa and 205 MPa, respectively) are higher than the WA samples (460 MPa and 170 MPa, respectively). Moreover, the elongation of the GA samples can reach 58%, which is twice as high as the WA samples (29%). The fracture morphologies of the GA and WA samples are shown in Figure 8 . Both samples exhibit dimple structures which are typical of ductile fracture. However, careful observation reveals The fracture morphologies of the GA and WA samples are shown in Figure 8 . Both samples exhibit dimple structures which are typical of ductile fracture. However, careful observation reveals that the dimples found in the two samples slightly differ in size. Those in the WA sample are smaller and shallower compared to those in the GA sample. that the dimples found in the two samples slightly differ in size. Those in the WA sample are smaller and shallower compared to those in the GA sample. 
Tensile Properties
Fatigue Tests on Different Samples
The fatigue tests were carried out on the WA and GA samples and their fatigue lives are listed in Table 4 . The fatigue lives of both samples increase with decreasing stress amplitude, but the GA samples exhibit much better fatigue properties compared to the WA ones. Under each stress amplitude, the fatigue life of the GA samples is about one order of magnitude higher than the WA samples. Under an amplitude of 135 MPa, the WA sample fails at 7.61 × 10 5 cycles. In comparison, the GA sample can endure 10 7 stress cycles without fracture. The fitted S-N curves of GA and WA samples have been displayed in Figure 9 , which shows that the fatigue lives of GA sample are much higher than those of WA sample. 
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The fatigue tests were carried out on the WA and GA samples and their fatigue lives are listed in Table 4 . The fatigue lives of both samples increase with decreasing stress amplitude, but the GA samples exhibit much better fatigue properties compared to the WA ones. Under each stress amplitude, the fatigue life of the GA samples is about one order of magnitude higher than the WA samples. Under an amplitude of 135 MPa, the WA sample fails at 7.61 × 10 5 cycles. In comparison, the GA sample can endure 10 7 stress cycles without fracture. The fitted S-N curves of GA and WA samples have been displayed in Figure 9 , which shows that the fatigue lives of GA sample are much higher than those of WA sample. Fitted S-N curves shows that the relations between stress amplitude and logNf of are SGA = −30.60logNf + 345.70 and SWA = −44.67logNf + 390.78, respectively, where the SGA and SWA are the stress amplitudes of GA and WA samples. R 2 reflects the correlation coefficients of fitted curves of WA and GA sample which are 0.94 and 0.88, respectively. 
Discussion
The different sintering behavior in GA and WA sample would be attributed to the different oxygen contents. Although residual carbon would be produced by an incomplete decomposition of binders after the thermal debinding process [25] , the oxygen would not be reacted with carbon completely. The residual oxygen would react with the alloying elements to produce different oxides. The metal elements have a different tendency to react with oxygen to form oxides during sintering. Table 5 lists the changes of enthalpy (∆H) and entropy (∆S) of reactions corresponding to the oxidation reactions of Fe and different alloying elements in 316L SS, based on which the changes of Gibbs free energy (∆G) are calculated [26] . Figure 11 shows the ∆G of the oxidation reactions of these elements at the sintering temperature. It is clear that the ∆G of the oxidation reaction of Mn and Si is lower than the other elements at the sintering temperature (1663 K). Therefore, the driving forces of oxidation reactions of Mn and Si are larger than others [22] . When the higher oxygen content is present in the sample, MnO and SiO2 will be produced more preferentially than others. Since the oxygen content is higher in the WA samples, more MnO and SiO2 are produced during sintering (Figure 6 ). 
The different sintering behavior in GA and WA sample would be attributed to the different oxygen contents. Although residual carbon would be produced by an incomplete decomposition of binders after the thermal debinding process [25] , the oxygen would not be reacted with carbon completely. The residual oxygen would react with the alloying elements to produce different oxides. The metal elements have a different tendency to react with oxygen to form oxides during sintering. Table 5 lists the changes of enthalpy (∆H) and entropy (∆S) of reactions corresponding to the oxidation reactions of Fe and different alloying elements in 316L SS, based on which the changes of Gibbs free energy (∆G) are calculated [26] . Figure 11 shows the ∆G of the oxidation reactions of these elements at the sintering temperature. It is clear that the ∆G of the oxidation reaction of Mn and Si is lower than the other elements at the sintering temperature (1663 K). Therefore, the driving forces of oxidation reactions of Mn and Si are larger than others [22] . When the higher oxygen content is present in the sample, MnO and SiO 2 will be produced more preferentially than others. Since the oxygen content is higher in the WA samples, more MnO and SiO 2 are produced during sintering (Figure 6 ). The presence of oxides would affect the sintering behavior. Figure 3 illustrated that GA and WA samples exhibit different shrinkages in the sintering process. The differences in sintering onset temperature and shrinkage imply that the GA powder has better sinterability than the WA powder due to the lower oxygen contents [17, 22] . The overall shrinkage of the GA sample is ~0.08, which is apparently higher than the WA sample (i.e., ~0.06). Therefore, it is expected that the GA sample having a higher sintered density than the WA sample. [17] . In general, the GA samples with higher density (7.88 g/cm 3 ) would have better mechanical performance than the WA ones with lower density (7.65 g/cm 3 ). Apart from this, the presence of micropores would also affect the mechanical performance adversely. The pores in the materials reduce the effective area for loading bearing in the tensile test, resulting in lower strength. Both the pores and oxide inclusions could be the sites for stress concentration and nucleation of cracks in the tensile test [27] [28] [29] [30] , thus further deteriorating both strength and ductility of the materials. The WA samples have more pores and oxide inclusions than the GA samples, therefore having lower strength and ductility. Furthermore, the high content of oxides produced in WA sample reduces the amount of Si and Mn solved into the base metal. As important alloying elements of steels, Mn and Si can contribute to solution strengthening effect [29] , significantly improving the strength and ductility of steels. Therefore, the formation of MnO and SiO2 may offset the solution strengthening effects and lead to a relatively lower strength of the base metal in the WA sample than in the GA sample.
As for the ductility, it is well known that dimples normally tend to nucleate at the inclusions. Since the WA sample has more inclusions, it provides more nucleation sites for the formation of Table 5 . The corresponding ∆G, ∆H, and ∆S of oxidation reactions of Fe and different alloying elements in 316L SS; data from [26] . The presence of oxides would affect the sintering behavior. Figure 3 illustrated that GA and WA samples exhibit different shrinkages in the sintering process. The differences in sintering onset temperature and shrinkage imply that the GA powder has better sinterability than the WA powder due to the lower oxygen contents [17, 22] . The overall shrinkage of the GA sample is~0.08, which is apparently higher than the WA sample (i.e.,~0.06). Therefore, it is expected that the GA sample having a higher sintered density than the WA sample. [17] . In general, the GA samples with higher density (7.88 g/cm 3 ) would have better mechanical performance than the WA ones with lower density (7.65 g/cm 3 ). Apart from this, the presence of micropores would also affect the mechanical performance adversely. The pores in the materials reduce the effective area for loading bearing in the tensile test, resulting in lower strength. Both the pores and oxide inclusions could be the sites for stress concentration and nucleation of cracks in the tensile test [27] [28] [29] [30] , thus further deteriorating both strength and ductility of the materials. The WA samples have more pores and oxide inclusions than the GA samples, therefore having lower strength and ductility. Furthermore, the high content of oxides produced in WA sample reduces the amount of Si and Mn solved into the base metal. As important alloying elements of steels, Mn and Si can contribute to solution strengthening effect [29] , significantly improving the strength and ductility of steels. Therefore, the formation of MnO and SiO 2 may offset the solution strengthening effects and lead to a relatively lower strength of the base metal in the WA sample than in the GA sample.
As for the ductility, it is well known that dimples normally tend to nucleate at the inclusions. Since the WA sample has more inclusions, it provides more nucleation sites for the formation of dimples than GA samples. The high nucleation rate in the WA samples dictates that large amount of dimples forms and propagates simultaneously in the material. They interact with each other and result in small dimples during deformation. In fact, the deep dimples are the result of the severe plastic deformation at coarse micro-voids under an elevated level of stress concentration. Therefore, the deep dimples found in the GA samples imply the material's good ductility and high fracture toughness [31, 32] .
In general, the fatigue life (N f ) equals to the sum of fatigue crack initiation life (N i ) and crack propagation life (N p ) on account of the very short time of the instantaneous fracture process. Oxide particles play an important role during the fatigue of the samples as well. In the fatigue initiation sites of both samples (Figure 10 ), oxide particles are identified. Therefore, fatigue initiation can be attributed to the stress concentration near the oxide particles. In the fatigue crack propagation area, more pores are found in the WA sample than the GA sample. Those pores are believed to form when the oxide particles are detached from the surface during the propagation of the fatigue cracks (Figure 6 ). This proves that the presence of oxide particles would interact with the fatigue cracks [33] and, thus, shorten the fatigue life of the material. Since oxygen content of the WA powder is much higher compared to the GA powder, more oxide particles are produced in the WA samples during sintering, as evidenced by the microstructures shown in Figures 4 and 6 . It is reasonable that GA samples have much longer fatigue lives than the WA samples. Figure 12 compares the fatigue properties of the samples in this research with those prepared through conventional powder metallurgy (PM) [34] and SLM [6, 35] . In order to offset the influence of different mean stresses on the fatigue life, all the stress amplitudes from different researches are normalized using the SWT equation [36] :
where σ a is the stress amplitude, σ max is the maximum stress, while σ ar is the normalized stress amplitude which is equivalent to the amplitude of a periodic stress whose mean stress is zero. Figure 12 shows that the fatigue properties of the WA samples and GA samples as well as the samples reported by other references. The fatigue properties of GA samples are not only better than the WA sample, but also they are superior to those fabricated by SLM and PM as well. The fatigue properties of the GA samples are more prominent in considering that fatigue properties from some of the above references are obtained from the bending test. Compared to the uniaxial tension used in our experiment, bending is a less severe loading condition for fatigue, therefore normally resulting in a fatigue live~50% longer than from a tension test [37] . The differences in fatigue properties may be caused by the density [16, 17] , which changes the tensile strength of materials [6] .
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Conclusions
316L stainless steel samples are fabricated through metal injection molding using two different powders prepared by water-atomization (WA) and gas-atomization (GA) methods. Their sintering behaviors and mechanical properties of the sintered samples are investigated and compared.
(1) Due to the different oxygen contents in the WA and GA powders, the oxygen contents in the sintered WA and GA samples are 2000 ppm and 600 ppm, respectively. The presence of oxygen has a negative influence on the sintering process. GA sample starts to sinter at a lower temperature than the WA sample and exhibits smaller shrinkage in the dilatometry test. The sintered densities of the GA and WA samples are 7.88 g/cm 3 than 7.65 g/cm 3 , respectively. (2) The oxygen tends to react with Si and Mn to produce oxide particles during sintering. Due to the high oxygen content, more SiO 2 and MnO particles are formed in the WA samples than in the GA samples, which in turn decreases the amount of Si and Mn dissolving into the base metal of the WA samples. The different existing status of Mn and Si in the sintered samples have significant influences on their mechanical properties. (3) The oxides not only result in low sintered density and lead to stress concentration but also compromise the solution strengthening the effect of the Mn and Si in the base metal. As a result, the tensile strength, yield strength and the elongation of the GA samples are 560 MPa, 205 MPa, and 58%, respectively, which are much higher than those of the WA samples (i.e., 450 MPa, 170 MPa, and 29%, respectively). (4) In the fatigue tests, the oxides become the initiation sites for fatigue cracks and interact with cracks during their propagation. Therefore, the fatigue lives of the GA samples are about one order of magnitude longer than the WA samples. The fatigue behaviors of the sintered GA samples are also superior to those fabricated by powder metallurgy and selective laser melting, which were reported in other researches. 
